Peripheral nerve injury results in axonal degeneration and in phenotypic changes of the surrounding Schwann cells, whose presence is critical for nerve regeneration. To identify genes induced after nerve injury in Schwann cells, we developed a strategy that included differential screening of a subtractive library enriched for cDNAs expressed in injured nerve, sequence analysis, and expression profiling. By using real time quantitative reverse transcriptase-polymerase chain reaction, we found that injury-induced genes could be categorized into four temporal expression patterns. Among the clones we identified were a number that were homologous only to expressed sequence tags in the data base. These were stratified based on their expression profile, presence of identifiable sequence motifs, homologies to other proteins, and evolutionary conservation. We chose one representative gene, nin283, to analyze in detail. The nin283 gene encodes a 227-residue protein containing both a zinc finger and a RING finger motif. nin283 is highly expressed in the central nervous system, particularly in the developing cortical plate in embryos. It is also expressed in peripheral ganglia and is induced by nerve growth factor in PC12 cells. Subcellular localization analysis demonstrated that Nin283 is located in the endosome/lysosome compartment, suggesting that it may participate in ubiquitin-mediated protein modification.
The capacity for axonal regeneration in the peripheral nervous system distinguishes it from the central nervous system. The environment in which PNS 1 axons regenerate consists of Schwann cells and their basal laminae, fibroblasts, collagen, degenerating myelin, and phagocytic cells (1) . Among these components, Schwann cells are indispensable for axonal regeneration, as evidenced by the reduction in axonal growth when live Schwann cells are removed from the area of injury (2) . Conversely, when transplants consisting of cultured Schwann cells and their associated extracellular matrix are introduced into a lesion in the central nervous system, axonal regeneration, and subsequent re-innervation is facilitated (3), clearly indicating the unique role of Schwann cells in promoting nerve growth.
Following axonal interruption due to nerve injury, Schwann cells are converted from a quiescent state with a stable myelin structure that facilitates nerve conduction to a proliferative and trophic state, which creates an environment that promotes nerve regeneration (4) . Within a few days after axonal interruption by injury, synthesis of myelin components including myelin lipids and major myelin proteins is markedly reduced (5) . Conversely, the expression of a number of proteins is increased in Schwann cells of the distal stump after nerve injury. These include neurotrophic factors that support neuronal survival and/or nerve regeneration, like NGF, BDNF, insulin-like growth factor-1, and glial cell line-derived neurotrophic factor, and cell adhesion molecules that promote neurite outgrowth by mediating interactions between axons and Schwann cells, such as L1, N-CAM, and N-cadherin (6 -8) . The phenotypic changes occurring in Schwann cells after nerve injury are crucial to their ability to promote nerve regeneration (9) ; however, the underlying genetic regulatory networks that are responsible for this transition are largely unknown.
To understand further how Schwann cells foster axonal regeneration, the identification of additional genes whose expression is altered in Schwann cells surrounding the degenerating axon is necessary. We have previously screened a subtractive library enriched in cDNAs from transected sciatic nerves and identified ninjurin1 (10) , a novel adhesion protein that is highly induced in Schwann cells after peripheral nerve injury and promotes axonal outgrowth (10, 11) . We have now performed a larger scale characterization of nerve injury-induced genes. To enhance the likelihood of identifying genes regulated by nerve injury in Schwann cells, we screened our subtractive library enriched in nerve injury-induced cDNAs with an additional differential hybridization step. The isolated cDNAs were sequenced, and bioinformatic analysis, as well as expression profiling using real time quantitative RT-PCR, was performed. Cluster analysis revealed that the induced genes fell primarily into four temporal patterns of expression. Approximately 25% of the genes identified in these studies had no homology to any sequence, known genes or ESTs, in the data base. We chose to examine one of the clones homologous only to ESTs in further detail, and we found that this clone, nin283, encoded a RING finger protein that is localized to the endosome/lysosome compartment. nin283 expression is dynamically regulated in neurons and glia of the central and peripheral nervous systems.
EXPERIMENTAL PROCEDURES

Isolation and Sequence Analysis of Nerve Injury-induced cDNA
Clones-Two adult rat sciatic nerve cDNA libraries (normal and injured) were constructed in the ZAPII vector (Stratagene). The normal library was made using poly (A) ϩ RNA isolated from intact sciatic nerve, whereas the injured library was made using equivalent amounts of poly (A) ϩ RNA isolated from 16 h, 3 days, and 7 days postaxotomy nerve segments (both proximal neuroma and distal segment). The RNA templates were used to synthesize cDNA as described previously (12) . The cDNAs were directionally cloned into EcoRI-NotI-digested ZAPII phage arms, and phage were packaged in vitro (Gigapack Gold; Stratagene) and used to infect Escherichia coli XL-1 Blue strain (Stratagene). The library subtraction was performed as described previously (13) to remove clones corresponding to cDNAs expressed in intact sciatic nerve. The cDNAs were rescued as pBluescript SK(Ϫ) plasmid clones using the SOLR system (Stratagene) per the manufacturer's instructions.
To remove additional genes expressed in intact nerve that still remained in the library after the subtraction procedure, we performed colony hybridization using 32 P-labeled first-strand cDNA prepared from intact sciatic nerve RNA. Bacterial colonies containing subtracted cDNA clones were grown on 5-bromo-4-chloro-3-indolyl ␤-D-galactopyranoside (X-gal) plates at a low density (1000 colonies per plate). Clones that were lacZ-positive (non-recombinant) or that hybridized to the normal nerve cDNA probe were discarded. The remaining clones were screened by PCR using T3 and T7 primers to determine the size of the cDNA inserts, and clones with cDNA inserts less than 500 nt were discarded. The 5Ј ends of the directionally cloned cDNAs in each of the remaining clones (Ϸ700) were sequenced using Taq DyeDeoxy Terminator cycle sequencing kits (Applied Biosystems) and an Applied Biosystems 373 DNA sequencer.
Basic local alignment search tool (BLAST (14)) searches were performed for each of the nucleotide sequences against sequences of known cDNAs, ESTs, and genomic DNAs in the public data base available through National Center for Biotechnology. DNASTAR was used for general management of sequence information, open reading frame search, and multiple sequence alignment. MOTIF was used for analyzing protein sequences for functional motifs.
Real Time Quantitative RT-PCR (TaqMan) Analysis and Data Processing-Total RNA from indicated rat or mouse tissues was isolated from pooled samples of multiple animals (15) (more than 5 animals for nerve tissues and more than 2 animals for other organs). Human total RNAs from pooled tissue sources were purchased from CLONTECH. First strand cDNA templates were prepared from 1 g of RNA using standard methods (16) . Quantitative RT-PCR was performed by monitoring in real time the increase in fluorescence of the SYBR-green dye on a TaqMan 7700 Sequence Detection System (Applied Biosystems) as described previously (17) (18) (19) . For normalizing variations between the levels of total cDNA template across different samples, expression levels of glyceraldehye-3-phosphate dehydrogenase (GAPDH) and 18 S ribosomal RNA were determined. Normalization using either of these two genes resulted in essentially identical values (data not shown); thus, GAPDH expression levels were chosen for normalization of the data set. Each RT-PCR quantitation experiment was performed twice using duplicate samples from two independently generated cDNA templates.
For clustering analysis, RT-PCR was performed for analysis of expression profiles from normal adult rat sciatic nerve, adult rat crushed sciatic nerves (distal to the crush site, collected 3 h and 1, 3, 7, 14, 28, and 56 days after crush), and developing sciatic nerves from young rats (postnatal day 0 (P0), P1, P2, P5, P7, P14, P28, and P56). RNAs were pooled from 5 to 6 rats for each time point after nerve crush, and 5-10 rats were used for postnatal development time points. We designated up-regulated genes (after injury) as those whose expression level was 3-fold higher than normal in one or more of the post-injury time points in two experiments using two templates derived from two independent RNA pools. The expression level of each time point (mean value of duplicated samples) was normalized by subtracting the mean expression level across the entire time course and then dividing by the standard deviation. The expression profiles of the normalized data from 33 genes up-regulated after nerve crush were analyzed using the clustering programs in the GeneSpring program suite.
Isolation and Characterization of nin283-The full-length cDNA sequence of human and mouse nin283 was determined by analyzing EST clones (zw51a11, za16e01, tm63 h06, tt28 h09, wt88c03, oh75e07, and qo67b02 for human; ua50b06, vb79f10, vv57f03, vf83e02m, mo18c06, mu34a03, and mi04c03 for mouse) obtained from the Washington University-Merck EST project. These clones were sequenced completely, and along with sequence present in the data base (Unigene clusters Hs.49657 and Hs.6377 for human; Mm.29479 for mouse), this information was used to create contiguous full-length sequences. Sequence editing, mapping, alignment, and contig production was performed using the DNASTAR software package. The fusion protein of Nin283 and enhanced green fluorescent protein (EGFP) was generated by amplifying the coding region of the human nin283 cDNA by Klentaq LA from an EST clone (GenBank TM accession number AI308760) that contains the entire coding region. Primers 5Ј-AAGAGATCTATGTTTGGA-GGATTTAAGTGCC and 5Ј-ATGAGATCTTTAATCTGAAGGGTGCTC-AGGGCATGATCTATTTACTTCAAA were used to fuse Nin283 to the carboxyl terminus of EGFP. Primers 5Ј-CGGGATCCTCGCCACCATG-TTTGGAGGATTTAAGTGCC and 5Ј-AGTGGATCCATCTGAAGGGTG-CTCAGGGCAA were used to produce an amino-terminal fusion protein with EGFP. The PCR products were cloned into pEPECsNeo (a gift from J. Wu, Washington University) at BglII and BamHI sites, respectively. The Nin283 portion of the constructs was sequenced to ensure no mutations were introduced by the amplification process.
Animals and Surgical Procedures-Surgical procedures to obtain rat sciatic nerve samples were performed according to National Institutes of Health guidelines for care and use of laboratory animals at Washington University. Sciatic nerves were transected and recovered as described previously (10) .
Generation of Antibodies to nin283-A synthetic peptide containing an amino-terminal cysteine and Nin283 residues 1-15 was conjugated to keyhole limpet hemocyanin using both glutaraldehyde and m-maleimidobenzoyl-N-hydroxysuccinimide ester. The conjugated proteins were used to immunize rabbits following standard procedures (Animal Pharm Services). Anti-Nin283 antibodies were purified by chromatography over an affinity column in which the immunizing peptide was linked to SulfoLink Gel (Pierce) per the instructions of the manufacturer. The specificity of the affinity-purified Nin283 antibodies was confirmed by Western blotting using lysates of naïve Chinese hamster ovary cells or those expressing nin283.
Immunohistochemistry and in Situ Hybridization Analysis-Sense and antisense digoxigenin-labeled RNA probes for in situ hybridization were transcribed from a fragment of nin283. The probes were hybridized to fresh frozen tissue samples as described previously (20) , and signal was visualized using alkaline phosphatase substrate 2-hydroxy-3-naphthoic acid-2Ј-phenylanilide phosphate (Roche Molecular Biochemicals) as per manufacturer's protocol. Immunohistochemical analysis of rat and mouse tissues was performed on 14-m sections of fresh frozen tissues using standard methods. Purified anti-Nin283 antibodies were used at 1:1000 dilution. Other primary antibodies for immunohistochemistry were anti-neurofilament (2H3; obtained from Developmental Study Hybridoma Center), anti-mitochondrial cytochrome c (PharMingen), and anti-ninjurin1 (10, 11) . Cells and tissue sections were incubated with primary antibodies at 4°C overnight and were subsequently incubated with Cy3-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories).
Cell Culture-CV1 cells were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum. The cells were transfected with EGFP-Nin283 using Superfect (Qiagen) reagent per manufacturer's protocol. For subcellular localization of EGFP-Nin283 fusion protein, cells were grown on coverslips in 35-mm plates. Two days after transfection, cells were incubated with ER-Tracker (1 nM, Molecular Probes) (21) for 15 min or neutral red (10 g/ml, Molcular Probes) (22) for 2 h, washed once in culture medium, and examined under a fluorescent microscope. Alternatively, for examination of mitochondria, the cells were fixed for 5 min with 4% paraformaldehyde prior to immunocytochemical analysis using anti-mitochondrial cytochrome c. PC12 cells were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum and 5% horse serum. Differentiation of PC12 cells was performed by addition of NGF (50 ng/ml), and cells were harvested at indicated time points after NGF addition (23) .
RESULTS
Identification and Analysis of Nerve Injury-induced cDNAs-
The temporal regulation of gene expression occurring after nerve injury in Schwann cells is critical for peripheral nerve regeneration. We sought to identify genes that play a vital role in nerve regeneration by performing a large scale characterization of nerve injury-induced genes. A subtractive cDNA library was prepared from pooled mRNA samples collected from the distal stump of sciatic nerves harvested 16 h, 3 days, and 7 days after axotomy using mRNA from normal sciatic nerve as the driver. Additionally, colony hybridization of the subtracted library with radiolabeled first strand cDNA prepared from intact sciatic nerve RNA was performed to eliminate additional clones representing mRNAs present in normal nerve that were not removed by the subtractive process. The colonies removed by this step (ϳ20%) harbored cDNAs representing abundant messages related to cellular metabolism (e.g. mitochondrial and ribosomal genes) or myelin proteins and cytoskeletal proteins. Clones that survived this screen and contained cDNA inserts larger than 500 nt were sequenced. After sequencing a few hundred clones, it became apparent that some of the genes (e.g. mitochondrial cytochrome c and ribosomal S26) were still over-represented. We therefore added a second colony hybridization step using these cDNAs as a probe to eliminate such redundant clones. The cDNA clones identified via the multiple screening procedures outlined above were sequenced. We obtained high quality sequence (Ͼ400 nt) from the 5Ј end of the cDNA insert for 620 clones. The sequences were compared (using BLAST algorithm) to sequences of known cDNAs, ESTs, and genomic DNAs in the public data base available through the National Center for Biotechnology Information web site. Among these clones, 307 clones (132 individual genes after removing redundant clones) showed an exact match or were highly similar to known genes. Examples of known genes homologous to the clones sequenced in this study are listed in Table I and are classified into functional categories (Fig. 1) . Of the remaining 50% of the clones, 141 (which corresponded to 70 individual genes) were represented in the data bases by ESTs only, and 149 clones had no homology to any known gene or EST. If we assume that the redundancy rate for these novel clones is similar to that for known genes or ESTs, then the number of individual genes among these novel sequences is estimated to be ϳ75. Twenty three clones were eliminated from our analysis because the presence of long repetitive sequences made their analysis difficult.
Cluster Analysis Reveals Four Temporally Co-regulated Groups of Nerve Injury-induced Genes-To characterize further the Schwann cell regulation of clones obtained from the subtractive library, we examined their expression profiles after nerve crush and during postnatal nerve development using quantitative RT-PCR. First-strand cDNAs were generated from RNAs isolated from sciatic nerve distal to the site of injury harvested before injury, or 3 h, 1, 3, 7, 14, 28, and 56 days after nerve crush. This detailed temporal expression profiling was carried out on the first 60 non-redundant clones identified during our analysis (excluding ribosomal proteins and those containing repetitive sequences). We found that 29 genes out of this initial subset (32 homologous to known genes and 28 homologous only to ESTs) were up-regulated after nerve crush. The maximal level of induction after injury varied from 4-fold to more than 100-fold relative to the expression level in normal nerve.
As proteins participating in similar biological pathways often have similar expression profiles (24), we attempted to extract interesting functional insights from the temporal expression profiles of these newly identified genes. For this purpose, we generated clusters based upon the pattern or "shape" of the expression profiles, rather than their absolute fold-change, by normalizing the expression profiles such that the mean expression and variance is the same for all the genes ((25) see "Experimental Procedures" for details). We included in this analysis genes whose products participate in specific responses to nerve injury, as novel genes with similar roles might cluster with these functionally characterized markers. For example, we included the proliferation marker Ki67 (26) as Schwann cell proliferation peaks 4 days after crush injury (27) . Macrophages infiltrate the nerve around 3 to 4 days after injury, depending on the distance from the crushed site (28), and we used Mac1, a macrophage-specific protein (29) , to monitor this process. Similarly, we chose GFR␣1 (a co-receptor for glial cell linederived neurotrophic factor family of trophic factors) and brainderived neurotrophic factor (BDNF) as examples of genes whose expression peaks at around 7-10 and 14 days, respectively, after nerve crush (30, 31) .
Following cluster analysis, the 29 up-regulated genes and 4 control genes were categorized into four groups that were distinguished primarily by the onset of induction ( Fig. 2A) . The expression profile for PTX-3/TSG-14 gene, which peaked 3 h after injury, was distinct from all others and is characteristic of an immediate-early gene (IEG). Cluster 1 included genes that are induced early and peak between 3 and 7 days after injury. As expected, ki67 and mac1 are present in this cluster, as this time course is consistent with that observed for Schwann cell proliferation (27) and macrophage infiltration (28) . Myotrophin and 3 clones homologous only to ESTs were also present in cluster 1. Cluster 2 included genes that are activated beginning 3 days after nerve injury and peak 7-14 days after injury. Genes in this cluster include GFR␣1 and p75 NGFR , consistent with previous observations (30, 32) . Genes that were coregulated with these two receptors included suppressor of G 2 allele of SKP1, a DNAJ homolog, and 8 clones homologous only to ESTs. Cluster 3 included genes that are activated 7 days after injury and peak at 14 days after injury, a time course consistent with induction of BDNF (31) . Indeed BDNF was present in this cluster along with RIP3, ErbB3, FGFRP, ␤-chain clathrin-associated protein complex AP-2, and 8 clones homologous only to ESTs. These results define four temporal expression profiles for genes activated in Schwann cells by nerve injury. Furthermore, they confirm that the gene expression profiling procedure we performed correctly classified markers with known expression patterns. Finally, since genes involved in common pathways are often co-regulated, it suggests that ESTs expressed in patterns similar to genes with known functions may play related roles in the Schwann cell's response to axonal interruption. Adult Schwann cells surrounding injured axons are similar to immature Schwann cells in that they express a number of non-myelinating Schwann cell markers but lack most myelinating Schwann cell markers (33) . For example, both cell types strongly express p75 NGFR but do not express myelin proteins, such as myelin basic protein. From these observations, it has been postulated that transcriptional control of gene expression in Schwann cells after nerve injury recapitulates that which occurs during development. To investigate this possibility, we examined the expression of the 33 up-regulated genes during nerve development (postnatal day 0 (P0), P1, P2, P5, P7, P14, P28, and P56) by RT-PCR. The majority of genes were highly expressed during the early postnatal period when myelination is still incomplete but were down-regulated as myelination proceeded. We found that genes with similar expression profiles after nerve injury (i.e. cluster 1-3 above) were also similarly expressed during development; however, the expression profiles were less tightly grouped. In general, genes grouped together in cluster 3 peaked later in development when compared with those found in clusters 1 or 2, suggesting that the temporal expression of genes after nerve crush recapitulates that observed during development (Fig. 2B) . Interestingly, some of the nerve injury-induced genes were expressed at stable levels throughout nerve development. These genes, which included mac1, nin459, nin98, nin266, ␤-chain clathrin-associated protein, nin611, and nin686 were found in all clusters (except IEG), indicating that regulation after nerve injury is complex and does not always recapitulate that observed during development.
In addition to differences in temporal regulation after nerve injury, a number of transcripts have been reported to be expressed in the distal segment of the injured nerve in a nonuniform pattern after nerve crush (34, 35) . This presumably reflects exposure to different levels of axon-derived factors, as Schwann cells immediately adjacent to the site of injury near regenerating axons are exposed to these factors that stimulate their proliferation, whereas Schwann cells located at the distal end of the crushed nerve are deprived of these factors. To examine the spatial aspects of gene expression in the crushed nerve, we used in situ hybridization to determine the expression of a subset of nerve injury-induced genes 4 days after nerve crush. From this analysis, two distinct patterns of expression were apparent. Genes including receptor interacting protein (RIP3) (in cluster 3; Fig. 3, A and B) and ErbB2/3 
Only genes that are regulated during development are shown. In both experiments, the expression level of each gene was normalized to the amount of GAPDH mRNA in each sample and used in clustering the expression profiles (as described under "Experimental Procedures"). The expression level of each time point (mean value of duplicated samples) was normalized prior to analysis by subtracting the mean expression level across the entire time course and dividing by the standard deviation.
(in cluster 3; data not shown) showed high expression close to the site of injury where growing axons are located but much lower expression in the more distal portions of the nerve. In contrast, FGFRP (in cluster 3, Fig. 3, C and D) , nin266 (nin for nerve injury; a clone homologous only to EST in cluster 3, data not shown), and nin283 (an EST in cluster 2, data not shown) were evenly distributed throughout the distal segment of the injured nerve. In addition, previous reports have indicated that some genes, like GFR␣1, show high expression at the distal end of the injured segment but relatively low expression near the site of injury (35) . These results indicate that there are multiple spatial patterns of gene expression in injured nerve and suggest the possibility that genes with similar spatial expression patterns are controlled by common sets of transcription factors.
Sequence Analysis of nin283 Revealed High Phylogenetic Conservation of a Domain Containing a Unique Zinc Finger-RING Finger
Combination-A major goal of this study is to identify novel genes relevant for nerve regeneration. To prioritize ESTs that would warrant further exploration in this respect, we established three stratification criteria as follows: 1) confirmation of up-regulation after nerve injury by Taqman analysis; 2) presence of sequence motifs that provide clues to its function; and 3) identification of orthologs in model organisms (e.g. Caenorhabditis elegans, yeast, or Drosophila) so that cross-species inferences regarding participation in biological processes might be possible. Among the clones we identified that were homologous only to ESTs, eight clones fulfilled the above criteria. To characterize further these cDNAs, we obtained additional sequence information by analyzing additional ESTs and performing bioinformatic analysis. One clone, nin283, was selected for further analysis, based on its preferential expression in the nervous system, its dynamic regulation after nerve crush and during postnatal nerve development, and the presence of several interesting sequence motifs (see below). Highly conserved orthologs of nin283 are present in C. elegans and Drosophila, suggesting that it is likely to play an important function. Its examination represents an example of how additional proteins encoded by novel nerve injury-induced cDNAs will be initially characterized in future experiments to ascertain their function.
The full-length cDNA sequences of human and mouse nin283 were determined by sequencing multiple EST clones and merging this information with EST sequences available in the data base. The predicted open reading frame of human Nin283 encodes a 227-residue polypeptide and shares 99% identity with mouse Nin283 (Fig. 4A) . Data base searches revealed putative cDNAs predicted from the genomic sequences of Drosophila melanogaster (GenBank TM accession number for predicted translation, AAF46210) and C. elegans (GenBank TM accession number AAF35997) that showed significant homology with nin283. Further comparison of these sequences with an EST sequence, BE557493, identified a highly homologous cDNA expressed in zebra fish (data not shown). A region in the carboxyl terminus of Nin283 showed high similarity (59% identity and 78% homology between human and C. elegans) over an 83-residue span. In contrast, no significant homology was found outside of this domain, suggesting that this highly conserved region represents a critical functional domain of the protein. The conservation of this region was further supported by an examination of the gene structure. Homology searches against human, mouse, Drosophila, and C. elegans genomic sequences indicated that the conserved region was derived from three exons, with locations of the two introns perfectly conserved in all species examined (Fig. 4B ).
An analysis of the protein using MOTIF search (which includes PROSITE (36), BLOCKS (37), ProDom (38) , PRINTS (39) , and Pfam (40)) indicated that the conserved region of Nin283 contains a unique combination of single zinc finger and RING finger motifs. No function has been ascribed previously to such a zinc finger-RING finger combination; however, RING finger-containing proteins often function as E3 ubiquitin ligases (41) , enzymes that catalyze the ubiquitination of proteins and thereby modulate a large variety of cellular functions (see "Discussion"). Whereas multiple zinc fingers usually represent DNA-binding motifs, a single zinc finger motif often serves as a protein-protein-binding motif (42) . Taken together, it is likely that this conserved domain represents a major functional region of this protein, is involved in protein-protein interactions, and is potentially involved in the ubiquitination pathway.
nin283 Is Predominantly Expressed in the Nervous SystemThe expression of nin283 was examined in an extended time course after peripheral nerve injury, postnatal nerve development, and in a variety of embryonic and adult tissues using quantitative RT-PCR analysis (Fig. 5A) . The expression profile of nin283 after nerve crush showed that nin283 expression in the distal segment peaks 7 days after crush but decreases thereafter, a profile that places nin283 with p75 and GFR␣1 in nerve injury-induced cluster 2 (Fig. 5B) . During postnatal nerve development, nin283 expression in Schwann cells peaked at P1 and gradually decreased to low adult levels. This expression pattern was similar to that of other Schwann cell molecules required for nerve regeneration (e.g. ninjurin1, p75) that are normally expressed at high levels in non-myelinating Schwann cells (Fig. 5C) .
To identify the cell type(s) expressing Nin283 in injured sciatic nerve, we performed immunohistochemistry on sciatic nerve, either intact nerve or the segment distal to the site of injury, using anti-Nin283 antibodies. These antibodies were raised against a Nin283 peptide (residues 1-15) and affinitypurified prior to use. The specificity of this antisera for Nin283 was confirmed using nin283-transfected cells (data not shown). We found that Nin283 is only detected in the nerve after injury and that it is expressed in an interdigitating pattern consistent with Schwann cells. To confirm that Nin283 is expressed in Schwann cells, we compared its expression with that of ninjurin1, an adhesive protein expressed in Schwann cells surrounding injured axons. We found that the ninjurin1 and Nin283 expression patterns were very similar, indicating that Nin283 is expressed in Schwann cells distal to the site of injury (Fig. 5, E and F) .
To characterize further nin283 expression, we surveyed a panel of human tissues using quantitative RT-PCR. We found that nin283 was expressed primarily in the nervous system, with expression higher in developing than adult brain. nin283 was also expressed in testis and thymus. To determine the cell type-specific expression pattern of nin283, we used in situ hybridization histochemistry on E17 and adult rat tissues. Intense nin283 signal was detected almost exclusively in the nervous system at E17 (Fig. 6) , with only weak expression observed in liver, kidney, and adrenal gland (data not shown). Nin283 mRNA was detected throughout the brain (Fig. 6A ) and spinal cord (Fig. 6B) , with the most intense signal found in a superficial layer of the cerebral cortex (inset in Fig. 6A ). Immunohistochemical staining of an adjacent section with antineurofilament H antibody ((43) data not shown), a marker for post-mitotic neurons, indicated that the intense nin283 signal is present in the cortical plate, which contains primarily differentiated neurons. In adulthood, nin283 was evenly distributed in all layers of the cerebral cortex and in all regions of the brain (Fig. 6E) . The expression is mainly observed in neurons (inset in Fig. 6E) , although low level expression in glia cannot be excluded. nin283 was also detected in most regions of the developing PNS. For example, intense signal of nin283 was observed in the dorsal root ganglia (Fig. 6B) , enteric ganglia (Fig. 6C) , and the superior cervical ganglia (Fig. 6D) . In adult sensory ganglia, nin283 was expressed in neurons as well as glial (satellite) cells surrounding the neurons (Fig. 6F) . Taken together, although nin283 was identified by virtue of its induction in peripheral glia, it is highly expressed in neurons in the central nervous system and PNS during development and in adulthood.
Transcriptional Regulation of nin283 in NGF-stimulated PC-12 Cells Suggests That It Plays a Role in Neuronal Differentiation-
The intense expression of nin283 in the cortical plate, where differentiated neurons are located in the embryonic central nervous system, suggested that its expression level might be co-regulated with neuronal maturation. To test this possibility, we measured nin283 mRNA levels in PC12 cells induced to differentiate by NGF (Fig. 7) . Three hours after addition of NGF, nin283 expression showed a dramatic, but transient, induction followed by a gradual decrease to base-line levels by 3 days after NGF addition. This pattern of expression is consistent with that of a delayed-early gene, in contrast to that of an immediate-early gene, many of which encode transcription factors and are induced within 60 min after NGF stimulation of PC12 cells (44) . Together with the in situ hybridization results, the expression profile of nin283 suggests that its may serve as a downstream target of one of the immediate-early genes and plays an important role in neuronal development and/or maturation.
Nin283 Is Located in Endosome/Lysosome-The identifica- tion of the subcellular location of a particular protein can provide insights into its possible functional roles and has been proposed recently as a useful high-throughput screen for the initial characterization of novel proteins (45) . Nin283 contains no sequence motifs that indicate its subcellular localization (e.g. signal peptide, nuclear localization signal). Therefore, to examine its subcellular localization, we generated fusion proteins in which enhanced green fluorescent protein (EGFP) was fused to either the amino terminus (EGFP-Nin283) or carboxyl terminus of Nin283 (Nin283-EGFP). Vectors expressing either Nin283-EGFP fusion construct or native EGFP alone were transiently transfected in CV1 cells and primary cultured Schwann cells. The cells were examined 24 -48 h later by fluorescent microscope to localize the Nin283-EGFP fusion proteins or EGFP. Signals from both fusion proteins showed the same speckled pattern in both CV1 and Schwann cells, whereas the signal was diffusely located throughout the entire cell bodies when EGFP alone was overexpressed. To determine the intracellular compartment where Nin283 was located, CV1 cells overexpressing EGFP-Nin283 were stained with organelle-specific markers. These included neutral red, an endosome/lysosome-specific dye; ER-tracker, an endoplasmic reticulum-specific dye; and, cytochrome c immunoreactivity, specific to mitochondria. We found the EGFP-Nin283 signal co-localized with the endosome/lysosome marker but not with mitochondrial markers (Fig. 8) or endoplasmic reticulum (data not shown), indicating that Nin283 is targeted to the endosome-lysosome compartment. These results, along with the presence of a RING finger motif, strongly suggest that Nin283 plays a role in protein ubiquitination in cells of the developing and adult nervous system.
DISCUSSION
In the present study, we have developed a strategy for novel gene discovery from injured rat sciatic nerve using clones obtained from a subtractive library. We sought a methodology by which we could efficiently discover and stratify genes induced after nerve injury in order to obtain novel genes with functional significance. Our approach has two major advantages that made it possible to perform a large scale gene characterization. First, we generated a subtractive library and screened it by differential hybridization to enhance the recovery of genes induced by nerve injury. In contrast to conventional EST sequencing projects in which most of the clones correspond to abundant transcripts, this screening method enabled us to obtain novel sequences effectively, as evidenced by the fact that 24% of the clones we obtained showed no homology to other sequences in the data base. According to Wang and colleagues (46) , the rate of novel gene identification through the EST project declined dramatically from 10.6% of EST sequences in 1996 (36,000 novel sequences) to 2.7% (238 novel sequences) collected in 1998. To increase the rate of gene discovery, normalization and subtraction procedures have been employed for recent EST projects (47) and are now regarded as indispensable tools for finding low abundance and tissue-specific genes (48) . Our success using this approach indicates that genes expressed in response to various stimuli, in limited cell types, or in low abundance can be identified by EST sequencing if subtraction/ normalization methods are utilized. Second, we used real time quantitative RT-PCR for quantitative comparison of gene expression. Previously, the large amounts of RNA necessary for screening and/or confirmation of gene induction were difficult to obtain from small tissues like rodent peripheral nerve. However, real time quantitative RT-PCR technology, together with SYBR green-based quantitation, has made it possible to analyze rapidly and efficiently large numbers of expression profiles with minimal amounts of RNA (17, 18) , such as that which can be obtained from regions of the PNS.
Genes expressed in Schwann cells have largely been divided FIG. 5 . nin283 is predominantly expressed in the nervous system. A-C, the level of nin283 mRNA was determined by quantitative RT-PCR in human tissues (A), rat sciatic nerves after crush injury (B), and developing postnatal rat sciatic nerve (C). The expression level of each gene was normalized to GAPDH expression in each sample and is indicated relative to the expression level in liver (A), intact sciatic nerve (B), or adult nerve (C). All quantitative RT-PCR reactions were performed in duplicate, and the standard deviation is indicated. D-F, immunohistochemistry was used to detect Nin283 on a longitudinal section of the normal sciatic nerve (D) or sciatic nerve segment distal to the site of injury (E, 7 days after transection). F, the section adjacent to E was stained with antibodies to ninjurin1. Note the similar expression pattern of Nin283 and the Schwann cellexpressed adhesive protein, ninjurin1.
into two categories based on their expression patterns: those expressed in myelinating Schwann cells (myelinating markers) and those expressed in non-myelinating Schwann cells (nonmyelinating markers) (33) . Our present data showed that when expression profiles are more closely examined, genes expressed in Schwann cells can be clustered into more groups, and each of those clusters is under distinct signaling and transcriptional control. One interpretation of the differing patterns of gene expression after nerve injury is that each cluster represents different, or concurrent, biological processes. For instance, cluster 2 contains ki67 and mac1, which indicates that genes associated with macrophage infiltration and proliferation are classified in this cluster. By identifying genes that co-cluster with these markers, it may be possible to determine the function of proteins encoded by ESTs based initially on their expression pattern. This approach has been successfully used in Saccharomyces cerevisiae where microarray expression profiles were obtained on 300 mutants treated with various agents (24) . The affected cellular pathways were identified by pattern matching techniques, such as agglomerative hierarchical clustering, k-means clustering, and self-organizing maps, which facilitate the sorting of genes into classes. Through this analysis, the cellular functions of previously uncharacterized open reading frames were inferred (and later verified) simply by recognizing that their expression profiles co-clustered with those of proteins of known biological function.
Genes with similar expression patterns are likely to be controlled by similar genetic programs. In the case of nerve injury, little is known concerning the transcription factors responsible for initiating the dramatic changes in gene expression that occur in Schwann cells surrounding injured axons. With the completion of the sequencing of the human and mouse genomes, it will soon be possible to perform analyses on the promoters of genes that cluster together. This type of analysis may identify common sequence motifs that correspond to known transcription factor recognition sites, thus providing new insight into the genetic circuitry invoked in Schwann cells as they respond to the injured axons. This is most easily understood when studying immediate-early genes, which often encode transcription factors or cytokines, and are highly induced as early as ϳ3 h in Schwann cells after nerve crush (49) . Clearly, those encoding transcription factors, like Fos, Jun, and Egr1 are likely to regulate expression of genes expressed later after injury. Likewise, cytokines activate signal transduction pathways that lead to changes in gene expression. For example, interleukin-6, a cytokine whose expression peaks around 3 h after injury in Schwann cells, is required for induction of hemopexin, an acute phase protein, which peaks 2 days after injury (50) .
Among the 132 known genes we isolated in this study, their expression in Schwann cells suggests that they may have previously unappreciated roles in the nervous system. For instance, pentraxin-3/TSG-14 (PTX3) was found to be up-regulated very early after nerve injury. It is a secreted protein with significant homology to C-reactive protein and serum amyloid P-component, both members of the long pentraxin family of acute phase proteins (51) . PTX3 is also induced by TNF or interleukin-1 in fibroblasts and macrophages and is thought to play a role in regulating inflammatory responses (51, 52) . In the nervous system, it is induced in central glial cells by lipopolysaccharide administration (53, 54) . Its expression in Schwann cells after nerve injury suggests that it could modulate inflammatory responses in injured nerve as well.
RIP3 is the newest member of the RIP family of serine/ threonine kinases that contribute to TNF␣-mediated apoptosis and NF-B activation (55) (56) (57) (58) . Apoptosis triggered by receptors like TNF receptor-1 is dependent on a conserved cytoplasmic region in the receptor termed the "death domain" that recruits other death domain adapter proteins, such as RIP proteins to the receptor complex. This subsequently leads to the activation of cysteine proteases, or caspases, that play a critical role in apoptosis. In addition to triggering an apoptotic signal, TNF␣ also activates NF-B, which plays a crucial role in regulating inflammatory responses. RIP3 is expressed in a relatively restricted tissue distribution, whereas RIP and RIP2 are ex- FIG. 6 . nin283 is expressed in both neurons and glia of the central and peripheral nervous systems. nin283 expression was examined using in situ hybridization in E17 rat embryo (A-D) and adult rat nervous system (E and F). Hybridization signal in the brain (A), spinal cord (B), and dorsal root ganglion (denoted by arrowheads in B), gut (C), superior cervical ganglion (D), brain (E, inset shows higher magnification view of the striatum), and dorsal root ganglion (F) is shown. Note that in E17 rat embryo, intense signal is observed in the cortical plate of the cerebral cortex (arrowheads and inset in A) and in the enteric nervous system (denoted by arrowheads in C). nin283 is predominantly expressed in neurons in adult brain (inset in E), whereas it is expressed in both neurons (arrows in F) and satellite glia (arrowheads in F) in adult dorsal root ganglion. pressed in a variety of tissues (57, 58) . RIP3 was one of the most frequently observed clones in our subtractive library, whereas RIP and RIP2 were not found, indicating that RIP3 plays an important role in Schwann cell apoptosis and/or the inflammatory process triggered by nerve injury.
Although Nin283 is a novel protein with a functionally important, phylogenetically conserved motif, it is also interesting because it shares additional common features with other clones we identified. We have found multiple genes containing RING finger motif(s) in the current analysis, including nin283, Praja1, and other clones homologous only to ESTs. Indeed, the RING finger has been found in more than 200 proteins, and whereas earlier studies (42) indicated that it is important for protein-protein interactions, this motif has only recently been linked to protein ubiquitination. The ubiquitination pathway generally involves three types of enzyme, know as E1, E2, and E3. E1 and E2 are ubiquitin-conjugating enzymes, and E3, called ubiquitin ligase, are enzymes that bring together the activated E2-ubiquitin adducts and target substrates. Many proteins containing RING fingers function as E3 ubiquitin ligases, and it has been suggested that all the protein containing RING fingers may function as E3 enzymes (42) . It is now realized that ubiquitination plays an important role not only in degrading proteins but also in modulating intracellular events such as signal transduction and apoptosis. Although the role of ubiquitination in either protein degradation or functional regulation is unknown in Schwann cells, our results indicate that it might play a major role in nerve degeneration/regeneration as Schwann cells express multiple RING finger proteins after nerve injury. In further support of the role of Nin283 in ubiquitination in Schwann cells, we found that it was localized to endosome/lysosomes, similar to the RING finger protein c-Cbl, which regulates protein transport and/or degradation of receptors by ubiquitination (59) .
Finally, we have found multiple proteins, such as Nin283, p75 NGFR , and Ninjurin2 (60), which are expressed in neurons and induced in Schwann cells only after nerve injury. Why these proteins are constitutively expressed in neurons, whereas they appear to be required in glial cells only after injury, is unclear. It will also be interesting to determine whether common transcriptional mechanisms are used to achieve this unique neuronal/glial expression pattern. Interestingly, transcription factors important for expression of nonmyelinating Schwann cell markers, including POU-domain proteins like Tst-1/Oct6/SCIP (61), a SRY family protein Sox10 (62) , and paired box proteins like Pax-3 (63) , are also expressed in neurons, so these factors may be involved in regulating programs shared by Schwann cells and neurons. Furthermore, during nervous system development, growth factors like NGF (64) and epidermal growth factor-related proteins act on both glia and neurons (65) ; thus it is possible that such molecules trigger similar signaling events in neurons and Schwann cells, which result in expression of common genes in these two types of cells.
In summary, we have described a large scale characterization of nerve injury-induced genes based on their temporal expression after nerve injury. Identification of nerve injuryinduced genes and novel gene discovery were facilitated by differential screening of a subtractive library followed by quantitative analysis using real time quantitative RT-PCR. Novel genes identified here, including nin283, may play an important role in nerve regeneration. FIG. 8 . Nin283 is located in the endosome/lysosome compartment. CV1 cells transfected with Nin283-EGFP fusion protein expression construct were stained with the indicated organelle-specific markers 2 days after transfection. Note that the EGFP signal co-localized with neutral red, a marker for endosome/ lysosomes (A-C). Mitochondrial cytochrome C immunoreactivity did not colocalize (D-F). Note, merge signifies the merged Nin283-EGFP and organelle-specific signals.
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